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FRESSURE DISTRIBUTIONS ON TEE VANES OF 
A RADIAL FLCNl D1PELLER 
by D. A. Morelli* 
Theoretical a:pproaches give very little guide to the design of radial ar-
rays of vanes for the addition of energy to a fluid. The usual approach of 
the dc~igner has been to desien inlet and outlet an&LP.S according to the theory 
for an infinite number of vanes, and to connect these two angles by some plaus-
ible curve. Modifications are introduced according to the experience and 
records of the designer. The final justification of the design by measure-
ments of the differential pressure is ver.y rarely made. 
The present paper reports the first of a series of planned experiments to 
develop necessary backgrotmd !mow ledge. An impeller has been designed, ac-
cording to stated assmnptions, and the external characteristics, such as heads 
generated at variou.c; flow rates, have been measured in detail. These charac-
teristics will be correlated with the distribution of the pressure on the vanes. 
The paper will be illustrated by high-speed moving pictures of the flow 
in the relative and absolute coordinate systems. 
Introduction 
Radial flow rotors for handling liquids, such as the rotors of low s~ 
cif'ic speed pumps and turbines, have developed to a high efficiency w:i.th very 
little assistance from mathematics and mechanics. The excellent performance 
of' these devices, under conditions of low system pressure where cavitation can 
occur, depends on the careful proportioning of inlet dimensions and vane curva-
tures to avoid areas of low pressure. Remarkable improvements have been a-
chieved in pumps and turbines by intelligent interpretation of the results of 
tests of' canplete units. The record of' progress is written in the current 
products of the manufacturing companies. 
A research program would be of considerable value in developing, by the 
methods of fluid mechanics, a detailed !mow ledge of the action of' the rotors 
of hydraulic machinery. Such a program is under wczy at the Calif'ornia Insti-
tute of' Technology under the sponsorship of the Office of Naval Research. 
Since a rotor of a pump impeller transfers mechanical energy to the 
f'luid with an ef'f'iciency of' the order of 95 per cent, it seems plausible that 
the flow conditions do not depart f'ar from the potential flow of an incom-
pressible fluid of vanishingly small kinematic viscosity. Earlier work (1), 
(2), (3)**reported studies of pump impellers operating in a polar s.ymmetric 
collector using photographic techniques and examining in detail the total 
head generated by the rotating element. Reference (3) reported a technique 
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for meas1.1ring the losses incurred by the fluid passing through the rotor. All 
these techniques have led to better understanding of the action of the rotor 
but have shed little light on the distribution of the work on the rotor vanes 
or the origins of losses. It requires careful consideration and excellent 
physical insight to deduce accurately from such tests how an al.reaey good dEr 
sign should be improved. 
Since, in potential flow, energy transfer occurs by the motion of the 
pressure forces on the mov-lng boundaries, it is significant to examine in 
detail the distribution of pressure on the vanes of the rotating impeller. 
When cavitation susceptibility is being investigated, there is no substitute 
for this detailed knO\'Vledge of pressure distribution. Mathematical solutions 
of the problem would provide such information and can be readily formulated in 
general.. However, they are enormously difficult to reduce to numerical. r~ 
sul.ts even in the simplest cases. Under these circumstances, the experimental. 
approach of fluid mechanics can be used with advantage to interpret experi-
mental results in a manner which extends their usefulness to a wider range of 
designs than that covered by the experimental. tests. 
Measuring Technique 
Other experimenters have measured the pressures on the vanes of pump im-
pellers, (4), but the techniques are mechanically complicated. The measure-
ments were made by stationary manometers, and required ~ultiple stuffing 
boxes or equivalent sliding seals for transfer of pressure from the rotating 
element. 
In the Hy-draulic Machinery Laboratory at the Calilornia Institute of 
Technology, it has been found practical to measure the characteristics of ~ 
pellers at speeds below 400 rpn on impellers up to 1.3 in. in size. The scale 
effect was investigated in earlier work and does not appear to be significant. 
At these l.ow speeds a multiple tube manometer can be mounted directly on the 
pump impeller, and the vertical overhung type of pump drive used in these 
tests permits the use of a tubular manometer mounting carefully centered 
around the axis of rotation. In the installation illustrated in Fig. 1., there 
are thirty tubes of unif'orm diameter connected at the top by a manifold ring. 
These are held ·closely against the tubular mounting and can be connected by 
small bore tygon tubing to any thirty of the one hundred tr essure taps on the 
impeller. All. connecting tubes to the tressure taps are filled with the 
water which was the working fluid of these tests. The tubular mount is gradu-
ated axially in hundredths of a foot, and readings are made by a strobol.ux 
light actuated by a contactar. 
The pressures are measured as differentials by a procedure which keeps 
the differentials within the limits of the graduated range of the manometer. 
The ungradua.ted extension of the tubes, visible in Fig. 1., is a precaution 
against overshoot and simplilies operation. All pressures are referred to 
the total head at the center line of the inlet pipe as zero. The reference 
pr-essure tap is connected by a hole through the hub to a total-head tube on 
the center line of the inlet pipe. When a hole at which the pressure is p, 
is connected through the rotating differential manometer to the total-head 
tube at the center of rotation where the pressure is PT, the differential 
head, AH, read on the manometer is given by 
(1) 
The general description of the auxiliary facilities of t.he Laboratory is 
given in previous publications (1),(2),(3),and will not be discussed here. 
Material reported in (3) will be used in later sections of this paper to il-
lustrate the relation between pressure distribution and performance. The 
references to (3) are brief and the interested reader should seek the detail 
in the original paper. 
Test Impeller 
An axial cross section of the impeller used for this work is cl1awn in Fig. 
2. The vanes extend from radius 3.0 in. to radius 5.15 in. between parallel 
shrouds with an unconventional approach. The unusual shroud profiles were 
chosen in an effort to achieve ~netry at the inlet edge and have proved rela-
tively successful. They can be improved further by increasing the inlet radii. 
The six vanes were made from 0.093 in. sheet stock set in flutes milled to 
template and accurately spaced at 60° intervals. Inlet and outlet tips are 
rounded to the thickness of the material. 
Figure 3 is a vievr of the impeller fitted with pressure connections. The 
pressure taps are 0.030 in. holes connected to l/16 in. brass tubes which pass 
up through clearance holes in the top shroud. In each vane there are sixteen 
pressure measuring stations arranged at three levels and distributed over the 
concave ru1d convex sides of the vane. Each of the six vanes has a particular 
distribution of pressure taps, as shown in the pressure tap location diagram 
inserted as Fig. 4. Under conditions of· symnetrical flow, the data f'rom all 
pressure taps can be considered as applying to one vane, while for as:y"11111letri-
cal flow each vane must be considered separately. The impeller was run at 
225 rpn and satisfies the general dilnensions of Fig. 2. The vane shape con-
stants were 
.!1_ 
'2 = 0. S8 0. 12 
These quantities, when introduced into Eq. ( 4), give the vane shape equation 
r (r}2 1> = 8 . .30 rz - 3. 00 rz. 
where t:f is measured from ..c = o. 
'2 
Impeller Design 
(2) 
Vane curvature is arbitrarily defined by postulating an infinite number 
of vanes and a linear increase of the tangential component, c , of the abso-
lute velocity of the fluid as it passes through the passages.u The outlet 
angle,,B 2, at the vane tips, measured f'rom the tangent, is arbitrarily chosen 
as 23.5°, and determines the rate of increase of cu. 
The differential equation for the vane in polar coordinates is 
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dr 
rei¢ 
: Cm 
U (I- c") 
u 
Assuming a linear growth of cu from zero as r increases from r 1 , then 
Cu = X 1 w ( r - r,) 
and, for uniform now across a two-dimensional impeller, 
where the subscripts 1 and 2 refer to inlet and outlet, respectively. 
The differential equation (3) becomes 
d</> 
dr = we [ ( 1 - K, ) r t- K 1 r,] '2 m~ 
The solution for this equation gives the vane equation 
- !:!.2._ [ .!:.....2 ( - ) t:....!: ] 
- Cmz 2 '2.2 I X, t- k, r2 2 
(3) 
(4) 
If the relative .now at the outlet is determined by_p' 2, the vane outlet angle, 
then 
K, 
1- Cma Cof/32 Uz 
' At flow rate (c /u ) , other than the design flow rate crn.f~, the 
tangential component~ec~es 
(5) 
(6) 
Equation (6) shovtS that the vane sr..a.pe given by Eq. (4) gives a linear 
growth of Cu at all now rates. At flow rates other than the design now rate 
there is a singularity in the distribution of cu at the inJ.et. 
The circulation around the impeller axis at radius r is given by 
I 
r = 21Tr(~)-u2 
and 
dr 
:=: 
ds sin,LJ (7) 
When comparing with the circulation distribution for a finite number of 
vanes, Eq. ( 7) must be divided by the number of vanes 
I 
= 2 
o'f7 
ds sln/3 (8) 
The Meaning of Pressure Measurements 
By writing the Bernoulli relation for steaey flow of a nonviscous incom-
pressible fluid for a coordinate system rotating about a fixed origin at 
angular velocity uJ , one obtains the statement of pressure in terms of rel.a-
tive velocities and the motion of the coordinate axes. For convenience it is 
written here in terms of head instead of pressure. 
1.¢2 
+ -2g 
2 z 
""' r = constant 
2<] 
The choice of total head, ~' at the axis of rotation as datum of measure-
ment, yields 
w2 r 2 
Ha- Hr = H = 29 
By equating Eqs. (1) and (9) 
2 
.t1H= 2~ 
Equation (10) permits calculation 
frcm the pressure measurements. 
2 uc W" 
= 29 29 
it is seen that 
of the magnitude 
...,.z 
(9) 29 
(10) 
of the relative velocities 
For two points on opposite faces of a vane at the same radius, and using 
the subscripts p and s to denote pressure face and suction face, respective~, 
we obtain 
LJ. p =- .6 Hs - .6 H.IJ = 
~9 
= 
2 
• g 
""'s + w-p 
-2- • 
= 
£ . 
9 
2 2 W"s - w-p 
2g 
\IVs - w-p 
2 
L:lp a's = 2f' W"'av . • """oldF. • cis =- ;0 \NQv. d/' 
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and Llp · dr = p 5117,6' • !NOv. • dr' 
The torque on Z vanes of width b is then 
12 1'2 T = b · Z 1 Ll p • r • d r =_,a ,6 z \Vav. 
0 0 
· (dr) r. Sln,CJ - . dr 
dr z 
From general theorems of hydroctvnamics, the torque 
Jrz T =b z Llp·r dr 
0 
Wav can be expressed as a product of the meridional velocit,y and a func-
tion F of the vane shape 
!NO-v = F · c':' 
. Stn,t:J = F. 
It should be noted that the .foregoing deductions are based on perfect 
fluid .flovr which involves no losses. Therefore the equations cannot be con-
sidered precise in a~ case, although in the regions o.f operation where the 
flow suffers no large velocity changes or separation, they are not great~ in 
error. 
Elcperimental Results 
Figures 5(a) to 5(n)* show the static pressure plotted in dimensionless 
form against the radius ratio as abscissa, for various .flow rates defined by 
the values of 0m2fu2• The experimental points are shown individualJ.y to il-
lustrate the variation which occurs over the width o.f the impeller. The legend 
should be interpreted in conjunction with Fig. 4. The .figures also contain the 
forced vortex reference line which is the base line far measurement o.f ..6 H in 
Eq. (10). Static pressures are measured above inlet total head, therefore the 
pressures at some point near the inlet edge of the vane must fall below the 
abscissa axis by at least the inlet velocity head. 
The most significant deviations from two-dimensional conditions will be 
observed near the inlet edge o.f the vane. As the .flow rate varies, the asym-
metry at the inlet edge changes in character. The high and low pressures 
interchange places as the .flow rate increases. 
At .flow rates smaller than 0.11 the pressure diagram shows a large local 
underpressure over large areas at the inlet edge on the concave side o.f the 
vane. At slightly greater flow rates, the underpressure disappears. When the 
hieh-speed motion pictures of the .flow are studied in detail, it will be seen 
that the flow is very turbulent along the concave side below the critical flow 
rate. There is, however, no evidence of separation until the flow rate has 
* Parts of Fig. 5 and Fig. 8 have been deleted .from the paper in order to 
reduce its length. 
been decreased well below the 0.11. 
Separation on the concave side becomes evident in the pressure diagrams 
and the flow pictures at flow rates below 0.061, and leads to the characteris-
tic asymt1etrical flow in alternate passages, which is evident in the pressure 
distribution shown in Figs . 5(b) to 5(c) . In these figures the data i'rom all 
pressure taps cannot be applied to one vane but cognizance must be taken of the 
particular passage in which the pressure tap lies. The diagram then shows two 
pressure loops which illustrate the asynunetry prevailing in alternate passages. 
At shut-off, Fig. 5(a), the asynunetry disappears almost entirely and the 
pressure diagram defines a flow pattern consisting of forced vortex flow in 
the inner part of the passage, and an edqy in the outer part. The location of 
the pressure diagram with respect to the forced vortex reference line shows 
that there is very little pre-rotation in the inlet to the impeller. 
These observations have been well substantiated qy visual studies with 
motion pictures, but it is difficult to detect close detail on visual studies. 
The inherent value of pressure studies lies in its ability to show the fine 
points which give rise to important over-all effects. 
Influence of Relative Inlet Angle 
If one disregards the local asymmetries in the pres sure distributions in 
the neighborhood of the inlet, the trend of the vane pressure data as the 
flow rate is increased can be correlated with the head-capacity curve of Fig. 
6. For convenience, the flow rates defined in Fig. 5 are marked in Fig. 6 
with their proper figure numbers. At shut-off there is very little relative 
motion between fluid and vane, and no severe underpressures exist at the inlet. 
For this impeller, the flow conditions be-tween shut-off and a !"lovr rate of 
about 0.06 are asymmetrical and there is separation on the concave side in al-
ternate passages. The underpressures are suppressed by the separation. 
Stated in another w~r, alternate vanes are stalled. As flow rates increase, 
the separation disappears and adverse entrance angles are indicated qy the 
severe underpressures which appear on the concave side at the inlet edge. The 
range of fl~n between 0.06 and 0.11 could be classified as a zone of high cavi-
tation susceptibili~. 
Flow rat9s which show a pronounced region of underpressure on the concave 
side of the vane are interesting in another way. At the low flow end of this 
range, where the pattern of flow changes i'rom symmetrical to a.symmetrical, the 
discontinuity in the head-capa.c:ty curve appears. This is evident in Fig. 6 
and Fig. 7. The latter :figure was taken £ran a previous publication, (3), and 
it shows also the effect of the location of the total-head tube on the measure-
ments o£ total head. It will be seen that there are dif£erences between the 
measurements at a point 1/16 in. i'ron the periphery of the impeller and those 
obtained at a greater distance from the periphery. The origin of this dis-
crepancy is seen in the pressure diagrams, Fig. 5. The point o£ divergence of 
the two curves of Fig. 7 coincide with the highest flow rate at which a sig-
nificant area of negative pressure occurs on the concave side of the vanes, as 
illustrated b.Y Fig. 5(g). 
Between flO?r rates o£ 0.11 and 0.151, there are no severe local under-
pressures but the negative part of the pressure loop is getting generalJ.y 
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lower, showing an increasing cavitation susceptibility. At 0.151 the entrance 
angle again becomes unsatisf'actory, but on the pressw:-e side. At this point 
the incipient stall on the pressure side of' the vane is apparent in Fie. 6, 
wf!.ich shows a pronounced bend in curve A. As tho fl.ow rate increases still 
f'urther, the adverse entrance angle results in large underpressures at the 
inlet edge on the pt"essw:-e side, and general separation on the pressure side 
is visible in the f'low motion pictures. In Fig. 6, curve C develops a bend 
which also indicates a stalled condition. The underpressures at very high 
f'low rates near zero head becone larger numerical~ than the maximum positive 
pressures elsewhere on the vanes. The experimental data f'or these f'lovr rates 
have not been included in this paper. 
The two zones o:f high cavitation susceptibility demonstrated by Gongwer 
(5), i'rom studies o:f complete pumps, are :ful~ substantiated and can be at-
tributed almost whol~ to unsatisfactory inlet angles. 
It was assumed in the beginning o:f this section that underpressures 
which did not extend over appreciable areas were not o:f very great importance 
in the performance of the impeller. The elimination of such localized low 
pressures requires extreme attention to detail and ideal approach velocities, 
conditions which cannot be achieved in practice. However, in the over-all 
picture, there is a zone of operation which is much better than any other and 
its location depends principal~ on the configuration of the inlet. Within 
the channel proper, it appears that a smoot~ contoured vane will give very 
good pressure distributions regardless of wr4t occurs at the inlet. 
Relative Velocities 
If' one accepts the postulate tr.at, in the range of high efficiency, the 
flow pattern through the i.I!lpeller departs little from potential flow, it is 
possible to calculate the relative velocities of the potential fl~ at the 
vane surfaces from the pressure measurements. For the impeller on vbich the 
present paper is based, the range of operation for which calculations can be 
made with assurance is between f'low rates of 0.11 and 0.140. All velocities 
have been calculated as dimensionless ratios based on the peripheral speed ~· 
The subscripts s and p define the suction and pressure sides of the vane, 
respective~. The quantities calculated and plotted in Figs. 8(a) to 8(d) are 
the dimensionless relative velocities W and W , the average dimensionless ve-
locity, and one-half' of the dif'ference Pbetwee~ the dimensionless velocities. 
W = Ws + Wp 
C/1>/. 2 ) 
Ws- Wp 
2 
Two other quantities are interesting, viz., the ratio of' the dimensionless 
relative velocities W_/W , and the dimensionless relative velocity calcul4ted 
from the impeller dimtiDs~ons and the flow rate Wcalc. This is essentially the 
assumption of an infinite number of infinitely thin vanes. 
Comparing the values of Wav and Wcalc in a.rzy- one of Figs. 8(a) to 8(d), 
it will be seen that the velocity calculated on the basis of an infinite number 
of vanes is not an acceptable approximation of the relative velocity. The ver,y 
large divergence between the two values at the outlet tip accounts for the dif-
ference between the head generated by a f'inite number o:f vanes and that 
calculated on the basis of Euler 1 s inf'ini te vane theory. The concept o:f a :flovr 
deviation or "slip" at the tip is not necessary :for the explanation o:f this de-
:ficienqy in head generated. The Kutta condition at the outlet tip is satisfied 
by an increased relative velocity above that calculated :from uniform meridio-
nal out:flovr around the per:Lphary o:f the impeller. That the Kutta condition is 
close~ satisfied in these cases has been well established by visual e~ 
tion o:f the :flow. Considerations o:f continuity require, then, that the me-
ridional velocity be less in midpassaee than at the venes, a condition which 
has been proved both experimentalzy and theoretical~. 
The curves o:f Wdi:f:f define the distribution o:f circulation df1/dr and are 
o:f theoretical interest to the designer, since the basic theoretical problem 
of potential theory is intimate:cy related to the generation and distribution 
o:f circulation. Further discussion o:f this topic is not the province of this 
paper. 
It is obvious :from continuity that the average velocity should increase 
with increasing :flO"!r rate. It is only slightly less obvious that the maxi-
mum and minimum velocities should both increase with increasing :flow rate. 
These points are exemplified by the plots o:f dimensionless maximum and mini-
mum velocities in Figs. 8(a) to 8(d). The ratio o:f these two velocities is 
quite large :for heavily loaded vanes. It is conceivable, and borne out 
theoretically, that loading can be increased by reducing the mnnber o:f vanes 
or increasing the vane angle, to such an extent that the minimum velocity be-
comes zero at some point on the presstlre side o:f the vane. At higher loading 
the minimum velocity becomes negative. Reverting to Eq. (9), this is tanta-
mount to saying that the maximum pressure which can be achieved on the vanes 
is the :forced vortex pressure defined by the forced vortex reference line 
shown in Figs. 5(a) to 5(n). There is, however, no such theoretical limit on 
the low presstlre side except that imposed by cavitation limits. The cavita-
tion limits can be removed by increasing the system pr-essm-e. 
Aside :from increasing loading by changing the vane angle or the number 
o:f vanes, it is possible to reach the condition at ~ich back-flows occur in 
the impeller in another weyo I:f one attempts to design an impeller o:f given 
vane angle to operate at very low values o:f c 2;~, the :following state o:f 
a:f:fairs arises. Because o:f the low through-:f!ow velocity, the relative ve-
locity along the vane is low, as indicated pr-eviously. At the same time the 
difference in relative velocities on the two sides o:f the vane increases, be-
cause, with back'l'lard curved vanes, the theoretical head increases with decreas-
ing flovr rate. To clari.i'y this statement :f1u-ther, it is noted that circulation 
is directly proportional to the head generated. In attempting to design :for 
lovr :flow rates and high head, that :flow pattern can again be reached which re-
sults in reversed velocity on the pressure side o:f the vane. It will be seen 
:from the nature o:f the water horsepower characteristic that the vanes of such 
a pump are comparatively light~ loaded. 
Potential back:flovrs within the impeller cannot be conducive to high e:f-
:ficiency and the ratio of maximtnn to minimum velocity must be considered as a 
design parameter. 
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Cavitation Parameters 
The Figs. 5(a) to 5(n) show dimensionless head measured f'rom the total 
head at the inlet as datum. Where the pressure loop falls below the datum 
line, pressures occur on the vanes which are lower than the inlet total head. 
If the inlet total head at ~ time is reduced to such a value that the abso-
lute pressure at the region of lowest pressure passes below the vapor pres-
sure of the world.ng fluid, then boiling (cavitation) ~ occur in that region. 
The Figs. 5(a) to 5(n) can supply in dimensionless form the net positive suc-
tion head (NPSH) for operation without cavitation on the vanes. Those famil-
iar with the literature on the subject (6),(7), can deduce therefrom the 
common parameters of cavitation quality such as Thoma's Sigma (d) and Suction 
Specific Speed (n ) for special cases. 
s 
Conclusion 
This paper has been written to exemplify the technique and applicability 
of pressure measurements at a great m:anber of points along the impeller vanes, 
and gives a brief survey of how the data obtained may be used. It concludes 
with the hope that similar measurements, with impellers modified step by step, 
will separate the effects of every change and lead to a better understanding 
of the details of design which were heretofore studied only in their over-
all performance. 
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Nomenclature 
b = width of vane 
13 = vane angle measured from tangent 
em = meridional velocity of fluid 
cu = tangential canponent of absolute velocity of . uid 
= angular coordinate about center of impeller 
g = acceleration due to gravity 
r = total circulation around the axes of rotation 
H = static head above inlet total head 
Ha = pfpg = static head at a pr-essure tap 
HT = total head at centerline of inlet pipe 
LlH = differential head read on mananeter 
h = head generated by impeller 
KJ. = impeller design constant 
p = pressure at a pressure tap 
pT = total pressure at centerline of inlet pipe 
r = radial coordinate £ron center of impeller 
s = distance along vane 
u = w r = tangential velocity o£ impeller at radius r 
w = relative velocity 
W = dimensionless relative velocity 
w = angular velocity of impeller 
z = number of vanes 
Figure Captions 
Fig. 1 - Imp.eller and rotation manometer installed in the test basin. 
Fig. 2 - Axial cross section of the impeller. 
Fig. J - Assembled vieYt of the test impeller. 
Fig. 4 - Drilling diagram for pressure taps. 
Fig. 5 - Static head on vanes at various flow rates. 
Fig. 6 - Unit head vs. unit capacity at three locations across the outlet 
width. 
Fig. 7 - Effect of radial distance of total-head tube on measured head. 
Fig. 8 -Dimensionless velocities at various flow rates. 
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Fig. 1 - Impeller and rotating manometer 
installed in the test basin. 
Fig. 3 - Bottom shroud 
with vanes and as-
sembled view o:f 
test impeller. 
Fig. 2 - Axial cross section 
o:f the impeller • 
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Fig. 4 - Drilling diagram :far 
pressure taps. 
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